Resonant two-photon ionization (R2PI) time-of-flight mass spectroscopy is used to record S,-S, spectra of the neutral complexes C,H,-(H,O), with n = 3-8 and (C,H,),-(H,O) i,*. Due to limitations imposed by the size of these clusters, a number of vibronic level arguments are used to constrain the gross features of the geometries of these clusters. Among the spectral clues provided by the data are the frequency shifts of the transitions, their van der Waals structure, the fragmentation of the photoionized clusters, and the complexation-induced origin intensity and 6: splitting. In the 1:3 cluster, simple arguments are made based on the known structures of the 1: 1 and 1:2 clusters which lead to the conclusion that all three water molecules reside on the same side of the benzene ring. Three structures for the 1:3 cluster are proposed which are consistent with the available data. Of these, only one is also consistent with the remarkable similarity of the 1:4 and 15 spectra to those of the 1:3 cluster. This structure involves a cyclic water trimer in which one of the water molecules is near the sixfold axis in a r hydrogen-bonded configuration. This structure is then expanded in the 1~4 and 15 clusters to incorporate the fourth and fifth water molecules in cyclic structures which place the additional water molecules far from the benzene ring without disturbing the interaction of the other water molecules with the benzene ring. For 1:n clusters with n>6, subtle and then significant changes are observed in the spectra which indicate changes in the way the water cluster interacts with the benzene ring. This development occurs at precisely the water cluster size which calculations predict that cagelike water cluster structures will begin to compete and eventually be favored over large cyclic structures. Finally, cursory scans of the 2: 1 cluster show that this cluster also fragments efficiently upon photoionization by loss of a single water molecule and that it possesses a distinctly asymmetric structure with a sizable 6: splitting. Two potential structures are proposed for the 2: 1 cluster which can both reasonably explain the observations-a BBW structure in which the water molecule (W) is P hydrogen bonded to a single benzene molecule (B) and a BWB structure in which the water molecule bridges the two benzenes via IT hydrogen bonds to both.
I. INTRODUCTION
In the preceding paper (Paper I), our focus was directed at the detailed study of the smallest C, H, /H, 0 clusters involving a single benzene molecule with one or two water molecules.' For these clusters, our laser resolution is sufficient to determine the major features of the structure of the cluster from the rotational band contours of the vibronic transitions. One of the primary results of that work is that the C,H,-(H,O), cluster (hereafter referred to as the 1:2 cluster) possesses a structure which is best depicted as a slightly deformed water dimer in which one of the water molecules is also hydrogen bonded to the Z-cloud of benzene. We have concluded in that work that the second water molecule takes up a binding site dictated by the best bonding with the other water molecule rather than by the best geometry for benzene-H, 0 interactions (i.e., along the sixfold axis of benzene on the other side of the ring).
In the present paper, we extend these resonant two-photon ionization (R2PI) studies to larger clusters containing from three to eight water molecules and to the first two membersofthe(C,H,),-(H,O).serieswithn= 1,2.The a) Author to whom correspondence should be addressed. b, Alfred P. Sloan Research Fellow, 1989 -1991 mass selection provided by photoionization allows us to record and assign spectra to a given neutral cluster size. On the other hand, the pulsed lasers used are of insufficient resolution to allow rotational band contour analysis as a probe of the geometry of the large, complex clusters of interest here. As a result, vibronic level arguments are used to constrain in a general way the geometries of the clusters by taking advantage of the high degree of symmetry of the benzene molecule and the forbidden nature of its So-S, transition. It is worth noting that even high-resolution spectroscopy is hard pressed to provide detailed structures of clusters as complex as the present ones. For instance, to date, the structure of any water cluster larger than the dimer has not yet been determined spectroscopically.* Our motivation in this work is to determine whether the molecular-scale "immiscibility" hinted at in the 1:2 complex continues to develop in the larger clusters. In bulk liquids, the miscibility or immiscibility of a solution is dictated by the free energy difference between the separated solutions and the homogeneous mixture. 3 In that case, entropic contributions play a significant role in determining the degree of miscibility observed. The present study of clusters of benzene and water formed in a supersonic expansion probe their properties at effective temperatures near absolute zero where the entropic contribution to the free energy (i.e., -TAS') is insignificant. In this case, the structures taken up by the clusters are dictated by enthalpic terms alone, modilied in certain cases by the kinetics of formation in the expansion.
Our expectations of what will result when binding energies alone dictate the geometries of the cluster find their genesis in our earliest exposures to chemistry.4 The strong hydrogen bonding which is known to exist between H,O molecules would seem to favor structures involving a hydrogen-bonding network of water molecules in which the benzene-H,O interactions play only a secondary role in the structure of the cluster. We will see that for the clusters with from three to five water molecules, all of our data is consistent with such a simple picture, probably involving cyclic water clusters s-hydrogen bonded to the benzene ring primarily via a single water molecule. Larger clusters (n>6), however, show significant changes which indicate changes in the water clusters and their interactions with the benzene ring. Notably, this change occurs precisely in the cluster size regime at which pure water clusters are computed to have cagelike structures which are comparable in energy, or even preferred over cyclic structures. Finally, we will present cursory R2PI scans of the (C, H, )*-HZ 0 complex which also show efficient, selective fragmentation upon ionization via loss of a single water molecule. In this cluster, vibronic level arguments cannot yet unambiguously distinguish between the two most likely structures for the complex-a water bridged structure (BWB) and a surface water structure (BBW).
II. EXPERIMENT
The experimental apparatus and methods used in the present study are identical to those detailed in Paper I. Maximization of signal due to the higher 1:n clusters necessitated higher water concentrations of -1% in helium.
III. RESULTS AND DISCUSSION
A. C,H,-(H,O),, n=3-5 complexes 1. Assignment of the major transitions in the R2Pl spectra Figure 1 presents one-color R2PI scans of the region encompassing the 6: regions of C, H, -(H, 0) n complexes monitoring the n = l-4 mass channels. The simplicity of the spectra is quite remarkable given the complexity of the clusters represented. Assignment of the absorption features to a given cluster size is hampered by the close proximity of the observed 6: transitions in the 1:2-l :4 mass channels, making it difficult to search for unfragmented clusters in the next higher mass channel. Rotational analysis [such as that done on the C, H,-( H, 0), complex in the previous paper] which could provide a clear assignment is not possible at the present experimental resolution.
Nevertheless, there are several arguments which support an assignment of the major transitions in mass channel 1:n to the absorption of a neutral cluster of size l:(n + 1). First, even despite the near overlap of the major transitions in these channels, there are hints in the spectra that the ma- jor transitions present in a given mass channel have small corresponding peaks in the channel above it (Fig. 1) . Second, the efficient fragmentation of a single water molecule observed in the 1:2 complex following photoionization (with 98% efficiency) v suggests similar behavior in the larger clusters. In the case of the 1:2 complex, we provided two reasons for such efficient fragmentation:',' (i) the maximum internal energy which can be produced in the cluster ions is sufficient to lose a water molecule; and (ii ) the hydrogen bonding geometry of the water molecule bound to the benzene n-cloud leads to repulsive interactions between C,H,+ and H,O when photoionization occurs. Neither of these characteristics are expected to disappear in the larger clusters. Third, the alternative assignment of the observed transition in the 1:2 channel (at + 98 cm -' ) to a second conformer of the 1:2 complex seems unlikely. A comparison of Fig.  1 (a) with Fig. 1 (b) shows a small peak in the 1: 1 mass channel resonant with the + 98 cm -' transition in the 1:2 mass channel. However, the ratio of ion intensities in the 1: l/l :2 masschannelsisl:lOat +98cm-'and50:lat +75cm-'. Thus, in order to assign the peak at + 98 cm -' to a second conformer of the 1:2 complex, we are forced to conclude that this conformer fragments 500 times less efficiently than the 1:2 complex we have assigned unambiguously at + 75 cm -'. This seems unlikely.
Finally, evidence supporting the assignment of the 1:n feature to the neutral cluster 1: (n + 1) is found in our recently completed R2PI study6 of the closely analogous C,H,-(CH,OH), clusters n = 1-5. Not surprisingly, the R2PI spectra monitoring the 1:l and 1:2 mass channels in C,H,-(CH,OH).
are similar in appearance to the corresponding spectra in C,H,-(H, 0) n. In the methanol clusters, however, intracluster ion-molecule reactions occur in competition with fragmentation, allowing us to make unambiguous assignments of features in the 1:n mass channel to clusters of size 1: (n + 1) . For example, the dissociative electron transfer product from the C, H6-( CH, OH) 3 cluster, (CH, OH) $, is resonant with features that appear in the 1:2 mass channel, confirming assignment of those features in the 1:2 mass channel as resulting from ionization of the 1:3 neutral complex.
ly favor the Au = 0 transitions in all the van der Waals modes. This in turn indicates that neither the geometry of the cluster nor the van der Waals frequencies are changed significantly by electronic excitation in benzene. The structural significance of this result seems to be that the water molecules are tied up in an architecture which limits their sensitivity to subtle changes in the benzene chromophore.
Thus, we assign the major transitions in the 1:n mass channels of Fig. 1 to clusters of size 1: (n + 1) .
2. Indirect probes of cluster structure in C, H,-containing clusters c. Fragmentation of the cluster following photoionization. We have already discussed the efficient fragmentation of the clusters following photoionization in making assignments of the observed transitions to a given neutral cluster size. This fragmentation occurs on a time scale fast compared to motion of the ions in the ion source so that they are observed in the fragment mass channel in the time-of-tlight mass spectrum. Previous work in our laboratory has established that efficient fragmentation following photoionization is a general feature of aromatic complexes in which the complexing species is hydrogen bonded to the aromatic P cloud."" We conjecture on that basis that the primary interaction of water molecule(s) with benzene in the larger clusters remains a hydrogen bonding interaction with the benzene v cloud like that present in the 1:l and 1:2 complexes.
Since rotational band contour analysis is precluded as a probe of the structure of these larger clusters, we must rely on less direct spectroscopic evidence to provide structural clues about the C, H, -( H, 0) n clusters. This evidence and its interpretation are given here.
a. Frequency shift. Studies by several groups,"' including our own, 9~10 have led to the general observation that a blue shift of the cluster transitions from the corresponding transitions in the uncomplexed benzene molecule is associated with a hydrogen bonding interaction of the clustering species with the benzene rr cloud. For example, the hydrogen-bonded complexes C,H,-HCl and C,H,-CHCl, are shifted to the blue by 125 and 170 cm -', respectively, from benzene's 6: transition, while the nonhydrogen-bonded (C,H, ) 2 and C, H,-Ccl, complexes are shifted to the red by 41 and 68 cm-i. Thus, the -100 cm-' blue shifts of the 1:3-15 clusters can be interpreted as the consequence of a rr hydrogen bonding interaction with one or more water molecules in the cluster. Furthermore, the near-identical positions of the 6: transitions of the clusters ( + 98 cm -' for the 1:3, + 100 cm-' for the 1:4, and + 97 cm -' for the 1:s) implies no change in benzene's $4, energy separation when clustered to three, four, or five water molecules. This suggests that the fourth and fifth water molecules add to the 1:3 cluster in positions that are far removed from the benzene ring and that their presence produces little change in the positions or binding of the other water molecules to the benzene ring. Table I collects the 0:/6: intensity ratios for the C, H6-( H, 0) n complexes including data on the 1: 1 and 1:2 complexes for reference. The striking result of these measurements is that while the 1:2 complex has an induced 0: band which is 14% of that at 6:, the 1:3-1:5 clusters have 0:/66 ratios of only 0.6%, 1 .O%, and 1.6%, respectively. The obvious deduction from these measurements is that in the 1:3, 1:4, and 1:5 clusters, the water molecules which are interacting with the benzene ring only slightly perturb its electronic distribution from sixfold (or threefold) symmetry. This is to be contrasted with the distinctly asymmetric interactions present in the 1:2 cluster [ Fig. 2(a) 1. b. van der Waals structure. A second unique feature of the spectra of the 1:3-15 clusters is the almost complete absence of van der Waals structure built on the 6: transition. It is much more typical that with increasing numbers of solvent molecules about a chromophore, the spectral congestion due to van der Waals transitions increases quickly. The lack of van der Waals structure indicates that the FranckCondon factors accompanying electronic excitation strongThe drop in the 00, /6; intensity ratio by over a factor of 20 in going from the 1:2 to 1:3 cluster argues strongly for a structure for the 1:3 cluster in which all three water molecules are on the same side of the benzene ring. The only other reasonable alternative structure would place two water molecules on one side of the ring (as they are in the 1:2 complex) and one water on the other side of the benzene ring on the sixfold axis (as it is in the 1: 1 complex). However, this structure would be expected to have an 0$/6; intensity ratio very close to that of the 1:2 cluster. Furthermore, the similar ratios observed in the 1:3-1:5 clusters point to the fourth and TABLEI. Cluster-induced spectral features ofthe &H&H, G),, clusters.
Intensity ratio (%) 6: splitting (cm- ') ii; (a) (c)
fifth water molecules not playing much of a role in inducing origin intensity in the benzene molecule. e. 6 6 splitting. Another indirect probe of cluster structure similar in nature to the 0:/6; intensity ratio is the magnitude of the splitting of the degeneracy of benzene's V~ ring deformation mode ( eZg , 52 1 cm -' in S, ) induced by the clustering species. Again, the 1:2 cluster, whose structure we have determined in Paper I from its rotational band contour, can serve as a guide to our interpretation of the 6: splitting. From Table I , we see that while the 1:2 complex has a 6; splitting of 5.4 cm -', the 1:3-1:5 complexes have no observable 6; splitting to within our wavelength resolution. In the 1:2 complex, the water dimer is localized in a preferred orientation bisecting a C-C bond in the benzene ring carbon and hydrogen atom motion along or perpendicular to the off-axis H,O molecules, resulting in a splitting of Ye into 6u and 6b. Alternatively, kinematic coupling of the water dimer mass to the vibrational motion within the benzene molecule could contribute to the observed splitting via the asymmetry of the distribution of off-axis mass in C6 H, -( H, 0) *. In either case, the lack of observable splitting in the 1:3-15 clusters is consistent with the small 0:/6: intensity ratios observed. By comparison to the 1:2 cluster, the water molecules in the 1:3-1:5 clusters form either a more symmetric distribution about benzene's sixfold axis or take up positions far enough away from the benzene ring that they do not affect the benzene ring appreciably.
clusters themselves." These calculations all predict that the minimum energy structures of the water trimer, tetramer, and pentamer involve cyclic, hydrogen-bonded networks. While our results cannot prove conclusively that the 1:3,1:4, and 1:s clusters involve similar cyclic hydrogen-bonded water networks, we will see that such cyclic structures for the water cluster are completely consistent with all our structural clues.
3. Possible structures of the 1:3-1.5 clusters Before discussing the structures of the 1:3-1:5 clusters which are consistent with our data, a summary of the structural clues provided by our results should be given.
( 1) The blue-shifted absorption and efficient fragmentation of the clusters point to the primary interaction of the water molecules in these clusters with benzene being via a hydrogen-bonding interaction of the water molecule(s) with benzene's rr cloud.
(2) The weak 0:/6: intensity ratio and negligible 6: splitting of the 1:3 cluster preclude a structure in which the third water molecule resides on the other side of the benzene ring from the first two, since in that case, the 0:/6: ratio would be expected to be similar to that seen in the 1:2 cluster.
In seeking likely structures for the 1:3 cluster, statement (3) above points to two ways of achieving the observed small 00,/6: intensity ratio and negligible 6; splitting: (i) a rigid structure which is at least threefold symmetric [ Fig. 2 (b) 1, or (ii) an asymmetric structure in which the off-axis water molecules interact with the benzene ring only weakly [Figs. 2(c) and 2(d) 1. This second possibility may well result in a nonrigid structure in which rotation of the water cluster about the sixfold axis of benzene is feasible. Figure 2(b) is a "sandwich" composite of benzene with a planar cyclic water trimer. The water-water interactions are maximized in this structure at the expense of poorer water-benzene interactions in which the water hydrogens which interact with the ring are tied up in hydrogen bonds with the other water molecules. The most damaging characteristic of the structure in Fig. 2(b) is that it does not allow expansion of the cyclic water trimer to the cyclic tetramer and pentamer without significantly disturbing the other water molecules' interactions with the benzene ring. It seems unlikely that this 1:3 structure would lead to the similar spectral characteristics in the 1:4 and 1:5 clusters which are observed.
(3) Furthermore, the weak origin and negligible 6; splitting indicate that the placement of a third water molecule on the same side of the ring in the 1:3 cluster, must be done in such a way as to reduce significantly either (i) the overall asymmetry of the positions of the three water molecules relative to benzene's sixfold axis or (ii) the strength of interaction of the off-axis water molecules with the benzene ring.
(4) The remarkable similarity of all features of the spectroscopy of the 1:4 and 1:s clusters to that of the 1:3 cluster ( Fig. 1 and Table I ) argue persuasively for the fourth and fifth water molecules adding to the 1:3 cluster in positions that are far removed from the benzene ring and produce little change in the positions or binding of the other water molecules to the benzene ring. We surmise on this basis that the fourth and fifth water molecules also are added on the same side of the benzene ring.
The structures of Figs. 3 (b) and 3 (c) rotate the plane of the water trimer perpendicular to the benzene plane in such a way that the trimer interacts with the benzene ring primarily by way of rr hydrogen bond ( s ) with a single water molecule. Both structures are expanded easily by incorporating the fourth and fifth water molecules into the cyclic structure away from the benzene molecule in such a way as to not disturb the interactions of the other water molecules with the benzene ring, as our results require. Figure 3 (b) is a more symmetrical arrangement which also has the advantage of allowing the on-axis water molecule to interact with the benzene ring via both its hydrogen atoms.' On the other hand, orienting the on-axis water molecule so that neither of its hydrogens are involved in hydrogen bonding within the water cluster requires one of the neighboring water molecules to donate both its hydrogens to hydrogen bonds, at odds with the lowest energy water trimer structure.
(5) The surprising lack of van der Waals structure in the spectra of the clusters indicates that the water molecules are tied up in an architecture which limits their sensitivity to subtle changes in the benzene chromophore.
Thus, all of our data point consistently to structures for the 1:3, 1:4, and I:5 clusters in which all water molecules are on the same side of the ring in hydrogen-bonded networks. Of course, the data that our structural clues cannot provide is the precise positions and intermolecular bonding arrangements within the cluster. As a result, in proposing structures consistent with our data we will also use as a guide recent calculations on the minimum energy structures for the water At first glance, the structure of Fig. 2 (d) would seem to be ruled out by its highly asymmetric structure in which the two water molecules closest to the benzene ring are in similar center-of-mass positions to that in the 1:2 cluster, which shows a large 00,/6: intensity ratio. However, closer comparisonofthe 1:2 [ Fig. 2(a) ] and 1:3 [ Fig. 2(d) ] structures show that the off-axis water molecule is in a different orientation in the 1:3 cluster from that which we have proposed for the 1:2 cluster [ Fig. 2 (a) 1. In the 1:2 cluster, the off-axis water molecule is donating its hydrogen atom in the hydrogen bond, bringing that hydrogen atom close to the 7r-electron density of the benzene ring. This hydrogen atom may polarize the benzene Z-cloud, thereby inducing an 0: transi- Fig. 2(d) 1. Note that in these structures, the fourth and fifth water molecules are added away from the benzene ring and do not change either the position or mode of binding of the other molecules to the ring. tion in the 1:2 cluster. With the addition of a third water molecule, however, the preferred alternation in hydrogen bonding within the water cluster" [ Fig. 2(d) ] necessitates a reorientation of the off-axis water molecule in such a way that it interacts with the benzene molecule now primarily through the oxygen atom. This weaker interaction may also be less sensitive to the orientation of the plane of the water trimer relative to the benzene molecule. The interaction of the water trimer with the benzene molecule is then almost exclusively via the water molecule on or near the sixfold axis of benzene, resulting in the low 0:/6; intensity ratio and small 6: splitting observed.
In Fig. 3 we present structures for the 1:4 and 15 clusters which build on the structure of Fig. 2 (d) . Note that as required, the fourth and fifth water molecules add to the cyclic water cluster far away from the benzene ring with little disturbance to the two water molecules closest to the benzene ring. Taken as a whole, then, the structural clues provided by our data are most consistent with structures for the 1:3, 1:4, and I:5 clusters, in which all water molecules are clustered together on the same side of the benzene ring in cyclic structures in which the interaction of the water cluster with the benzene ring is dominated by a single water molecule hydrogen bonded to the benzene ring on or near the sixfold axis of benzene. Thus, already in the small clusters studied here, benzene and water molecules are interacting in the way one would expect immiscible liquids to interact.
B. Larger C&H,-(H,O), clusters
Given the close similarities of the structures and spectra of the 1:3-15 clusters, one might expect naively that higher clusters would also have similar spectral characteristics. However, as Fig. 4 indicates, one-color R2PI scans in the 6; region monitoring the 1:5-1:8 mass channels look very different than those of Fig. 2 . Making firm assignments of absorption features in these higher clusters is hampered greatly by the high degree of fragmentation of these clusters following photoionization. For instance, the feature tentatively assigned to the 1:6 cluster at + 117 cm-' appears in both the 1:5 and 1:4 mass channels, while that due to the 1:7 cluster at + 138 cm -' is seen in the 1:6 and 15 channels. The significant fraction of clusters which undergo loss of two water molecules in these clusters likely means that energetic constraints limiting such fragmentation in the smaller clusters are largely overcome in these higher clusters. Much of the background present in the 15 mass channel is due to interference from the benzene dimer mass channel which shortly precedes the 1:5 ion arrival time. The cluster responsible for the absorption at 61 cm -' in the 1:5 mass channel has not been identified. Despite the ambiguity in our assignments, there are several general features of these spectra which deserve highlighting.
( 1) The 1:6 and 1:7 clusters have absorptions which are shifted from those of the 1:3-1:5 clusters. Thus, addition of the sixth and higher water molecules begins once again to affect the benzene ring significantly, either directly or indirectly via its effect on the other water molecules.
(2) The tentatively assigned 6: transition of the 1:7 cluster is a doublet with a splitting of 2.3 cm -I. This is the first observable splitting in the 6: transition in the 1:n series since the 1:2 cluster, though it is less than one-half the splitting in that cluster. We infer from this splitting that the water molecules which interact with the benzene ring now possess significant asymmetry with respect to the sixfold axis of benzene. The smaller intensities of these spectra have hindered our ability to confirm this fact from the 0:/6: intensity ratio of this band. Table I presents Commensurate with this shift to the red is a dramatic increase in the congestion of the spectra. Part of this congestion is caused by the photoionization fragmentation, but it appears that part of it is also due to an increase in van der Waals activity and/or significant 6; splittings in these spectra.
Thus we observe a dejnite change in the spectral characteristics of the 1:n clusters beginning with the 1:6 cluster which suggest changes occurring in the water cluster structure and its relationship to the benzene ring. Note that it is precisely the water hexamer that is the smallest water cluster which is calculated to have several structures, some of which are not cyclic, which are close in energy. I1 In the water hexamer, the two lowest energy structures are still cyclic structures with six and seven intracluster hydrogen bonds which are calculated to differ in total binding energy by only about 1 kcal/ mol out of a total of 30 kcal/mol." '"' The presence of several potential energy minima may mean that the weaker interactions with the benzene molecule will now begin to play a more significant role in the structure taken on by the water cluster.
. As one progresses to higher clusters, even more structures become energetically similar.1"b' Notably, in the water heptamer and for all water clusters above this size, the cyclic structure is no longer favored, but instead structures which are more compact and cagelike are formed. These cagelike structures could be responsible for the change in the interaction of the water cluster with the benzene ring. Furthermore, in some cases more than one structure will likely be formed in the expansion, contributing to the increased congestion in the higher spectra.
Finally, the shift of the absorptions back to the red (to near its value in the 1: 1 complex) may indicate a wrapping of the water cluster cage around onto the side of the benzene ring. There, the water molecules will favor configurations in which the oxygen atoms point in toward the ring, donating electron density into the benzene ring instead of pulling it away as did the r hydrogen-bonding interaction. This may be the reason for the shift back to the red observed in these larger clusters. been carried out. Figures 5 (a) and 5 (b) show R2PI scans in the 6; region monitoring the (C, H, ),'c mass channel with residual water and 0.3 % water in the expansion, respectively. The corresponding scan monitoring the 2: 1 mass channel is shown in Fig. 5 (c) . In the benzene dimer ion channel, the doublet shifted only 5 cm -' to the blue of benzene's 6: transition is assigned to the 2: 1 cluster. There are several characteristics of the 2: 1 cluster which should be highlighted. First, the 2: 1 cluster fragments upon photoionization with an efficiency similar to that in the 1:n clusters so that the doublet is not observed clearly in the unfragmented 2: 1 mass channel [Fig. 5 (c) 1. Second, the fragmentation route chosen by the cluster ion is the same one present in the 1:n clusters, namely, loss of a single water molecule. In the 2:l cluster, of course, a second fragmentation channel involving loss of one of the benzene molecules to form [ C,H,-H,O] + could compete with water loss, but does not occur [see Fig. 1 (a) 1. Third, the 6: transition of the 2:l cluster has precisely the same cluster-induced splitting (3.6 cm -') and relative intensities as does (C, H, ) 2 transition at -41 cm -' (i.e., the 2:0 cluster). However, interpretation of the 6: splitting is complicated in the 2: 1 cluster by the possible contribution to the splitting from exciton interactions.'* Fourth, the 6: transition of the 2:l cluster is shifted 47 cm -' to the blue of the (C, H, )2 transition, an amount almost identical to the 49 cm -' blue shift of the 1:l complex from the C,H,6: transition. Fifth, the origin transition of the 2:l cluster is not observed clearly in the R2PI spectra, due partially to interference from benzene dimer transitions. However, an upper bound on the 0:/6; intensity ratio of the 2: 1 cluster is at least three times less than that of the benzene dimer itself.
In interpreting these structural clues, our expectations based on related clusters should be outlined. The structure for the benzene dimer which is most consistent with all available data is a rooflike structure in which the hydrogen atom(s) of one benzene are hydrogen bonded to the P cloud of the other benzene molecule with an interplane angle of 70'-80°.'2 Its experimentally determined binding energy is 1.6 f 0.25 kcal/mol. l3 Our results for C,H,-H, 0 (paper I) show that in this complex, the water molecule also is binding to the benzene n-cloud on or near the sixfold axis. Thus, there are two most likely structures for the 2:l cluster: (i) a BBW structure in which the water molecule lies on the outer surface of one of the benzenes on or near its sixfold axis; or (ii) a BWB structure in which the water molecule hydrogen bonds to both benzene v clouds in a somewhat distorted benzene dimer structure.
posite of largely unperturbed benzene dimer and benzenewater interactions. This would suggest a BBW structure for the cluster. On the other hand, the BWB structure is also consistent with a blue shift of its absorption relative to the benzene dimer. In addition, its distortion of the structure of the benzene dimer is small enough to make the similar 6; splitting plausible, yet still explain the smaller 0:/6: intensity ratio observed. Furthermore, a BWB cluster would be expected to have greater binding than BBW by virtue of the rr hydrogen bonding the water molecule undergoes with both benzene molecules.
The selective fragmentation of the ionized 2:l cluster may also be affected by the neutral cluster geometry. The dissociation thresholds for the two channels [C,H,-H,O] + + C,H, and [ (C,H,),] + + H,O are both well below the maximum internal energy available to the 2: 1 cluster. As a result, the efficient and selective loss of a water molecule from the 2: 1 cluster following photoionization would seem to argue against a BWB structure in which the water molecule is trapped between the two benzene molecules. On the other hand, the known (C, H, ) 2+ binding energy ( 15 f 0.5 kcal/mol) l3 is likely greater than that for C, Hz -H, 0, favoring the loss of a water molecule on energetic grounds. Furthermore, the orientation of the water molecule in the proposed BWB structure is r hydrogen bonding with both benzene molecules. In this configuration, the repulsion between the water dipole and the positively charged benzene dimer ion following photoionization may still lead to efficient loss of water from the 2: 1 cluster ion in much the same way as it does in the 1:n clusters.
Thus, based on the present experimental data, it is difficult to distinguish between the BBW and BWB structures for the 2:l cluster. Clearly, further experimental and theoretical work is needed to distinguish between these two structures or to present alternatives to them. Finally, the 6: transition of the 2:2 cluster is seen to be blue shifted by about 90 cm -' from the 2: 1 absorption. The background apparent in the spectrum and the resonant feature at -41 cm -' does not depend on water's presence in the expansion. Instead, it arises from a long-time tail of the very intense benzene dimer ion signal in the time-of-flight mass spectrum. Its presence here hinders spectroscopic characterization of the 2:2 cluster. However, the main peak at + 98 cm -' is notable in being about 10 cm -' full width at half-maximum, many times broader than the 6: bands of the 1:n clusters. The likely source of this broadening is congestion caused by low frequency bands (such as exist in the 1~2 cluster) working in concert with 6; splittings to result in a single, broadened feature.
IV. CONCLUSIONS 0 BBW BWB
The frequency shift, 6: splitting, and doublet intensity ratios all point to a structure for the cluster which is a comThis study has presented vibronic level spectral data and fragmentation patterns which have been used to constrain the geometries of several 1:n clusters with n>3. A number of spectral signatures of these clusters have been used to guide the proposed structures. All the spectral datapoint consis-tently to structures for the 1:3, 1:4, and 15 clusters which incorporate all the water molecules on the same side of the benzene ring in a cyclic hydrogen-bonded network. The water cluster appears to bind to benzene primarily through a single water molecule on or near benzene's sixfold axis.
Larger 1:n clusters show significant changes in the binding and/or interactions of the water cluster with the benzene ring. It seems to be more than coincidence that these changes begin at precisely the number of water molecules (n)6) for which calculations on pure water clusters predict that cagelike structures will begin to compete favorably with cyclic structures as the lowest energy structure for the water cluster.
Finally, the spectral characteristics of the 2: 1 cluster are not identified readily with a single structure for the cluster. We propose two limiting cases involving a surface water molecule in a BBW structure or a bridging water structure BWB, both of which can fit the available data reasonably.
